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, number  on  heat-transfer  distributions.  Static  stability  tests 
were  conducted  in  conjunction  with  a few  selected  trip  configu- 
rations to  determine  the  influence  of  the  boundary- layer  trips  on 
the  model  static  stability  and  axial-forpe  characteristics . The 
tests  were  performed  at  Mach  number  10  for  angle-of-attack  ranges 
from  0 to  2 deg  (heat-transfer  data)  and  from  -7.5  to  7.5  deg 
(static  stability  data).  Free-stream  Reynolds  number,  based  on 
total  model  length.,  was  varied  from  1.5  to  6,2  million.  Selected 
heat-transfer  and  static  stability  data  are  presented  to  illustrate 
the  effects  of  configuration  variables  and  Reynolds  number. 
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PREFACE 

The  work  reported  herein  was  conducted  by  the  Arnold  Engineering 
Development  Center  (AEDC),  Air  Force  Systems  Command  (AFSC) , at  the 
request  of  the  Space  and  Niasile  Systems  Organization  (SAMS0/R3SR) , 
for  the  AVCO  Systems  Division,  Wilmington,  Massachusetts,  under  Program 
Element  6331  IF.  The  results  of  the  tests  were  obtained  by  ARO,  Inc.,  AEDC 
Division  (a  Sverdrup  Corporation  Company),  operating  contractor  for  the 
AEDC,  AFSC,  Arnold  Air  Force  Station,  Tennessee,  under  ARO  Project  Number 
V41C-H3A,  The  authors  of  this  report  were  D.  B.  Carver,  J.  T.  BeBt,  Jr., 
and  W.  R.  Martindale,  ARO,  Inc.  Data  reduction  waB  completed  on 
August  16,  1976,  and  the  manuscript  (ARO  Control  No.  AR0-VKF-TR-7C-1 24) 
was  submitted  for  publication  on  October  20,  1976. 

The  authors  wish  to  express  their  gratitude  to  Mr.  P.  A.  Jalbert, 

ARO,  Inc.,  for  his  assistance  during  the  tests  and  to  Dr.  A.  W.  Mayne,  Jr., 
and  Mrs.  Betty  Majors,  ARO,  Inc.,  for  performing  the  theoretical  computations. 
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1.0  INTRODUCTION 

During  reentry,  some  vehicles  may  exhibit  an  angle-of-attack  diver- 
gence  in  the  altitude  regime  where  the  boundary  layer  on  the  body  is 
transitional.  Such  behavior  often  results  in  transition-induced  dis- 
persion and  can  be  detrimental  io  the  system  performance  of  ballistic 
and  maneuvering  reentry  vehicles.  The  testa  described  herein  were 
performed  to  obtain  data  which  will  asBlBt  in  the  design  of  reliable 
boundary-layer-tripping  configurations  for  the  control  of  transition- 
induced  dispersion  by  forcing  the  boundary  layer  to  become  and  remain 
turbulent  early  In  the  reentry.  The  model  selected  for  this  investiga- 
tion was  a 7.5-deg  half-angle  cone  with  a bluntness  ratio,  Rn/Rb,  of 
0.167.  Two  basic  tripping  methods  were  used:  (1)  passive  (roughness) 

and  (2)  active  (mass  injection).  The  passive  trips  were  primarily 
square-shaped  protuberances  of  a specified  height.  The  active  trips 
consisted  of  sonic  jets  of  gaseous  nitrogen  ejected  from  small  orifices 
in  the  model  surface. 

An  initial  screening  investigation  was  made  to  obtain  heat-transf er 
data  at  Reynolds  numbers  corresponding  to  those  for  flight  altitudes  down 
to  125,000  ft.  The  state  of  the  boundary  layer  was  inferred  from  these 
heat-tranBf er  distributions.  This  investigation  covered  the  effects  on 
the  heat-transfer  distributions  of  (1)  trip  height,  (2)  trip  spacing, 

(3)  trip  location,  (4)  number  of  rows  of  trips,  (5)  staggered  trips,  and 
(6)  Reynolds  number.  The  angle-of-attack  range  was  from  0 to  2 deg  at 
zero  sideslip  for  all  heat-transfer  tests. 

Static-force  and  moment  data  were  also  obtained  for  models  with 
selected  trip  configurations  (passive  and  active)  to  evaluate  the  effects 
of  transition  and  trip  design  on  the  model  static  stability  and  drag.  The 
angle-of~attack  range  for  the  force  test  was  from  -7.5  to  7.5  deg. 
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The  tests  were  conducted  in  the  AEDC  von  Kdrmfin  Gas  Dynamics  Facility 
(VKF)  Hypersonic  Wind  Tunnel  (C)  at  Mach  number  10,  Nominal  test  Reynolds 
numbers,  based  on  total  model  length,  were  from  1.5  to  6.2  million. 

Additional  heat-transfer  and  force  tests  on  the  same  vehicle  geometry  have 
been  conducted  in  the  AEDC  Hypervelocity  Wind  Tunnel  (F).  The  latter  results 
are  to  be  documented  in  a forthcoming  report. 

2.0  APPARATUS 


2.1  WIND  TUNNEL 

Tunnel  C (Fig.  1)  is  a closed-circuit,  hypersonic  wind  tunnel  with  a 
Mach  number  10  axisymmetric  contoured  nozzle  and  a 50-in. -diam  test  section. 
The  tunnel  can  be  operated  continuously  over  a range  of  pressure  levels 
from  200  to  2,000  psia  with  air  supplied  by  the  VKF  main  compressor  plant. 
Stagnation  temperatures  sufficient  to  avoid  air  liquefaction  in  the  test 
section  (up  to  1,900°R)  are  obtained  through  the  use  of  a natural  gas-fired 
combustion  heater  in  series  with  an  electric  resistance  heater,  The  entire 
tunnel  (throat,  nozzle,  test  section,  and  diffuser)  is  cooled  by  integral, 
external  w. ter  jackets.  The  tunnel  is  equipped  with  a model  injection 
system  which  allows  removal  of  the  model  from  the  test  section  while  the 
tunnel  remains  in  operation.  A more  complete  description  of  the  tunnel 
is  presented  in  Ref.  1. 

2.2  MODEL 

Basic  model  geometry  consisted  of  a 7.5-deg  half-angle  sphere  cone 
with  a bluntness  ratio  of  0.167,  which  corresponds  to  the  geometry  of  the 
Technology  Development  Vehicle  (TDV) . The  model  used  in  thiB  test  program 
had  a base  diameter  of  10,0  in.,  whereas  the  flight  vehicle  has  a base 
diameter  of  24.0  in.;  hence  the  model  was  a 0.417-scale  model  of  the  flight 
vehicle . 
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Primarily  a heat-transf er/presaure  model,  Che  model  was  designed  and 
fabricated  by  AVCO  Systems  Corporation,  The  aft  section  was  common  to  all 
configurations,  and  there  were  three  different  midsections!  "trip," 
"short-blow,"  and  "long-blow."  A photograph  of  an  assembled  model  is 
presented  in  Fig.  2,  and  photographs  of  the  various  trip  sections  are  shown 
in  Fig.  3.  Model  sketches  are  presented  in  Fig.  A. 

The  midsection  trip,  together  with  various  trip  and  spacer  sections, 
was  used  to  assemble  the  various  passive  conf igu-ations.  Details  of  the 
midsection  trip  and  the  trip  sections  are  shown  in  *,».  4b  and  c,  respec- 
tively. The  heat<*transfer  instrumentation  on  the  trip  sections  was 
enhanced  by  a quick-disconnect  (miniature  plugs)  system  which  permitted 
installation  of  gages  on  the  trip  sections  and  minimised  the  time  required 
to  make  model  changes, 

The  midsection  ahort-blow  had  two  interchangeable  cone  sections { one 
of  the  sections  had  orifices  with  40-dag  spacing,  and  the  other  had 
20-deg  spacing.  The  first  row  of  orifices  waa  located  at  S/Rn  ■ 4.5. 
Orifice  locations  are  shown  in  Fig,  4d. 

The  midaection  long-blow  (Fig.  4e)  alao  had  two  interchangeable  sec- 
tions. Ohe  section  hsd  three  rows  of  orifices  with  13-deg  spacing,  with 
the  first  row  at  S/Rn  ■ 8,5,  The  other  section  had  ten  rows  of  orifices 
with  20-deg  spacing,  with  the  first  row  at  S/Rn  ■ 4.5,  All  orifices 
were  0.0215  in.  in  diameter, 

Straight  pins  (0.020-ln.  diam)  were  used  to  plug  some  of  the 
orifices  to  make  various  configurations  (spacing,  number  of  rows, 
staggered  orifices).  A quick-setting  silicone  rubber  was  used  to  seal 
the  plugged  orifices. 

All  parts  of  the  model  were  machined  from  stainless  steel,  with  the 
exception  of  an  extra  noaetip  which  waa  made  from  copper  to  serve  as  a 
heat  sink  for  the  force  tesla, 
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Two  passive  trip  geometries  were  tested:  (1)  rectangular  trips 

and  (2)  a triangular  or  suw-tooth  geometry  trip,  which  waB  a simulated 
ablated  shape  of  the  rectangular  trips.  The  rectangular  trips  were 
0.20  in.  square  and  protruded  above  the  model  Burface  by  u height,  k. 

The  rectangular  trips  wore  chosen  because  of  their  simplicity  for 
machining  directly  on  the  flight  vehicle  surface.  The  saw-tooth  tripB 
(Fig.  3e)  were  obtained  by  machining  the  rectangular  trips  to  form  a 
triangular  shape,  from  both  a planform  view  and  the  tide  view.  All  trips 
were  designed  to  have  a nominal  trip  spacing  of  either  0.4  in.  (narrow 
spacing)  or  0,8  in.  (wide  spacing)  in  the  first  row.  Presented  in 
Table  1 is  a complete  listing  of  the  critical  dimensions  for  all  the 
passive  trip  configurations  tested. 

2.3  INSTRUMENTATION 

2.3.1  General 

Tunnel  C stilling  chamber  pressure  is  measured  with  a 500-  or 
2,500-psid  transducer  referenced  to  a near  vacuum.  Based  on  periodic 
comparisons  with  secondary  standards,  the  uncertainty  (a  bandwidth  which 
includes  95  percent  of  residuals)  of  the  transducers  is  estimated  to  b* 
within  ±0.1  percent  of  reading  or  ±0.25  psi,  whichever  is  greater,  for 
the  500-psid  range  and  ±0.1  percent  of  reading  or  ±1.25  psi,  whichever  is 
greater,  for  the  2,500-psid  range,  Stilling  chamber  temperature 
measurements  are  made  with  Chrome l®-Alumol®  thermocouples  which  have  an 
uncertainty  of  ±(1.5°F  + 0,375  percent  of  reading)  based  on  repeat 
callbrationa. 

2.3.2  Heat-Tranifar  T«t« 

Coaxial  surface  thermocouple  gages  were  used  to  measure  the  surface 
heating-rate  distributions.  This  type  gage  was  chosen  because  of  its 
capability  to  function  in  the  test  environments  of  both  continuous  tunnels 
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and  Impulse  tunnels.  This  capability  made  it  possible  to  uee  the 
same  heat-transfer  gages  for  the  testa  in  Tunnel  F and  Tunnel  C.  The 
primary  limitation  of  this  gage  is  the  short  allowable  time  of  exposure 
to  a constant  neat  flu::  before  the  assumption  that  the  gage  will  behave 
as  a semi-infinite  solid  becomes  invalid. 
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The  coaxial  gage  (see  Fig.  5)  consists  of  an  electrically  insulated 
Chromel  center  conductor  enclosed  in  a cylindrical  constantan  Jacket, 
After  assembly  and  installation  in  the  model,  the  gage  materials  are 
blended  together  with  a Jeweler's  file.  This  results  in  thermal  and 
electrical  contact  between  the  two  materials  in  a chin  layer  at  the 
surface  of  the  gage;  that  is,  a surface  thermocouple  is  formed.  A second 
result  of  filing  the  rage  surface  is  the  opportunity  for  "perfect" 
contouring  of  the  gage  to  the  model  surface.  This  fact  was  important  in 
the  selection  of  coaxial  gages  Bince  a smooth  model  is  essential  in 
transition  studies.  A total  of  192  individually  calibrated  gages  was 
supplied  and  installed  by  the  VKF,  with  97  gages  the  maximum  for  any 
configuration. 

Fluctuating  model  surface  pressure  measurements  were  made  at:  a 
maximum  of  eight  locations  using  miniature  dynamic  pressure  transducers 
manufactured  by  Kulite  Semiconductor  Products,  Inc.  AIbo,  a "flight 
transducer  package,"  consisting  of  three  dynamic  pressure  transducers 
(Bolt,  Baranek  and  Newman,  BBN  model  376)  and  two  accelerometers  (BBN 
model  508)  was  located  near  the  base  of  the  model.  Instrumentation 
of  this  type  is  to  be  used  on  the  flight  vehicle  and  was  included  on 
this  test  to  evaluate  its  performance  in  detecting  boundary-layer 
transition.  Each  of  the  flight  pressure  transducers  had  a different 
Installation  arrangement:  flush,  slightly  recessed,  and  ported.  Data 
from  the  dynamic  pressure  transducers  were  recorded  on  analog  tape  and 
transmitted  to  AVCO  Systems  for  analysis. 
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transducer  referenced  to  a near  vacuum  with  two  pairs  of  full-scale 
calibrated  ranges  (20  to  200  and  2 to  50  psla).  The  first  pair  was 
used  for  Initial  test  data,  and  the  second  pair  was  used  for  additional 
test  data  after  it  was  determined  that  the  higher  pressure  range  was 
not  required.  Estimated  precision  of  this  transducer  is  ±1.0  percent 
of  full  scale  of  the  range  being  used. 

A Chromel-Alumel  thermocouple  was  located  inside  the  model  plenum 
chamber  to  measure  the  gas  temperature  with  an  estimated  precision  of 
±0.75  percent  based  on  the  thermocouple  wire  manufacturer's  specifications. 

Measurement  of  the  mass  flow  rate  of  the  nitrogen  gas  being  supplied 

to  the  model  chamber  (for  active  configurations)  was  made  using  the 

VKF  "Low  Mass-Flow  System."  The  system  uses  hot-film  flowmeters  and 

- 7 -2 

can  measure  flow  rates  from  3.6  x 10  to  4.8  x 10  lbm/sec  of  gaseouB 
nitrogen.  However,  the  flowmeter  used  for  the  heat-transfer  tests  and 
the  required  operational  procedures  limited  the  minimum  measurement 
rate  to  2.0  10  ^ lbm/sec.  Estimated  precision  of  the  mass  flow  rates 

using  the  hot-film  flowmeter  (ih  > 2.0  x 10  ^ lbm/sec)  was  ±10.0  percent. 
Bench  tests  were  performed  subsequent  to  test  completion  to  evaluate 
the  model  orifice  discharge  coefficients.  These  coefficients,  together 
with  the  measured  plenum  chamber  pressure  and  temperature,  were  used  to 
calculate  the  mass  flow  rates  when  the  measured  value  was  less  than 
2.0  x 10  lbm/sec.  Uncertainty  of  the  flow  rates  computed  in  this 
manner  is  estimated  to  be  ±15.0  percent  (ih  <_  2.0  x 10  ^ lbm/sec). 

2.3.3  Force  Te*t* 

Model  forces  and  moments  were  measured  with  a six-component, 
moment  type,  strain-gage  balance  supplied  and  calibrated  by  VKF.  Prior 
to  the  test,  static  loads  in  each  plane  and  combined  static  loads  were 
applied  to  the  balance  to  simulate  the  range  of  loads  and  center-of- 
pressure  locations  anticipated  during  the  test.  The  following  uncer- 
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taint ies  represent  the  bands  of  95  percent  of  the  measured  residuals, 
baaed  on  differences  between  the  applied  loads  and  the  corresponding 
values  calculated  from  the  balance  calibration  equations  included  in 


the  final  data  reduction.  The  range  of  check  loads  applied  and  the 
measurement  uncertainties  follow. 


Component 

Balance 

Design 

Loads 

Calibration 
Load  Range 

Range  of 
Check 
Loads 

Meaaur ament 
Uncertainty 

Normal  Force,  lb 

± 200 

± 150 

±100 

±0.2 

Pitching  Moment,  in. -lb 

±1,320 

±1,050 

±400 

±1.3 

Axial  Force,  lb 

50 

50 

30 

±0.23 

*About  balance  forward  moment  bridge. 


The  transfer  distance  from  the  balance  forward-moment  bridge  J 

I 

to  the  model  moment  reference  location  was  16.24  in.  along  the  longi-  i 

) 

tudinal  axis  and  was  measured  with  an  estimated  precision  of  10.01  in. 

I 

Model  base  pressures  (see  Fig.  4a  for  locations)  were  measured  with  j 

either  the  standard  base  pressure  system  or  a fast  response  transducer, 
depending  upon  the  mode  of  taking  data.  When  in  the  pitch-pause  mode  of 
data  taking  (see  Section  3.3),  the  model  base  pressures  and  model  cavity 
pressure  were  measured  with  the  standard  base  pressure  system,  which  is 
comprised  of  1-psid  transducers  referenced  to  a near  vacuum.  The  uncer- 
tainty of  these  transducers  is  ±0.3  percent  of  reading  or  ±0.0005  psi, 
whichever  is  greater,  For  the  continuous  sweep  mode  of  rperation,  the 
model  base  pressure  was  measured  on  a 5-psid  fast  response  transducer  j 

referenced  to  a near  vacuum  which  was  calibrated  for  a full-scale  j 

J 

reading  of  0.05  psi.  The  uncertainty  of  this  transducer  is  ±1.0  percent  1 

of  reading,  based  on  comparisons  with  the  standard  base  pressure  system.  j 
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As  a result  of  the  initial  heat-tranefer  tests,  an  improved 
system  was  used  to  measure  the  model  plenum  chamber  pressure  and  the 
mass  flow  rates  for  the  force  tests.  The  model  plenum  chamber  pressure 
was  measured  with  a 15-psld  transducer  referenced  to  a near  vacuum.  The 
uncertainty  of  this  transducer  is  ±0.2  percent  of  reading  or  ±0.01  psi, 
whichever  is  greater.  Mass  flow  rates  were  measured  using  the  same 
system  (see  Section  2.3.2)  as  for  the  heat-transfer  tests;  however,  a 
smaller  flowmeter  and  revised  procedures  improved  the  measurement  precision 
to  approximately  ±5.0  percent  for  all  data. 

The  model  wall  temperature  just  aft  of  the  trip  tactions  was  msasured 
with  a coaxial  surface  thermocouple  to  monitor  the  model  temperature 
variation  during  the  teat  and  thereby  avoid  large  temperature  rises 
during  a run. 


3.0  PROCEDURES 


3.1  TEST  CONDITIONS 


All  tests  were  performed  at  a nominal  Mach  number  of  10  over  a 
Reynolds  number  range,  based  on  total  model  length,  from  1.5  to  6.2 
million.  A summary  of  the  nominal  test  conditions  follows.  A complete 
test  summary  for  the  heat-transfer  and  force  data  obtained  le  presented 
in  Tables  2 and  3,  respectively. 

TEST  CONDITIONS 


P0.p»U  T0, 

•R  M. 

q„.p»i« 

8tr.f 

P„. 

lWft'' 

ft/»»e 

RVl  * 

450  1 ,900  10,02 

0.70 

0.0100 

0,0317 

0.000285 

4,765 

1.51 

650 

10.05 

1.00 

0.0141 

0.0266 

0.000406 

4,771 

2.15 

850 

10.11 

1.28 

0.0178 

0.0235 

0.000519 

4,770 

2.79 

1,050 

10.11 

1.59 

0.0222 

0.0211 

0.000643 

4,775 

3.46 

1,250 

10.  14 

1,87 

0.0260 

0.0194 

0.000758 

4,775 

4.10 

1,450 

10.14 

2,18 

0.0303 

0.0180 

0. 000885 

4,780 

4.77 

1,650 

10.14 

2,49 

0.0346 

0.0168 

0.00101 

4,780 

5.46 

1,900 

10.17 

2.85 

0.0393 

0,0158 

0.00115 

4,780 

6,24 
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All  free-atraam  parameters  are  computed  assuming  a real  gait  isen- 
tropic  expansion  from  the  tunnel  stilling  chamber  and  utilizing  the 
measured  pressure  and  temperature  at  the  stilling  chamber  and  the  cali- 
brated Mach  number  at  the  teat  section. 

When  sonic  Jets  are  used  as  boundary-layer  trips,  a computed  trip 
height  is  sometimes  used  (see  Ref.  2,  for  example)  to  correlate  the 
jet-trip  effectiveness.  The  active  trip  height,  k' , was  computed  using 
the  sonic  jet  penetration  heiftht  ae  the  distance  from  the  model  surface 
to  the  normal  shock  wave  in  the  jet  plume  (see  Pig.  4d),  as  described  in 
Ref.  3,  with  the  AVCO  equations  (shown  in  the  Nomenclature).  Dry  nitrogen 
was  used  as  the  injectant  gas,  and  the  measured  values  of  plenum  chamber 
pressure,  pc,  and  mass  injection  rate,  A,  are  presented  to  document  the 
test  conditions  with  trip  height,  k',  listed  in  the  active  trip  data  figures. 

3.2  HEAT-TRANSFEP.  TESTS 

Prior  to  each  test  run  the  model  configuration  was  prepared,  the  test 
conditions  were  established,  and  for  active  configurations  the  plenum 
chamber  pressure  was  preset.  The  model  was  injected  Into  the  tunnel  flow 
for  a test  run  and  then  retracted  into  the  test  section  tank,  where  it  wsb 
cooled.  Cooling  was  accomplished  by  blowing  high  pressure  air  over  the 
model.  The  model  waa  in  the  tunnel  flow  (from  lnjoction  to  retraction) 
approximately  8 sec.  During  this  time  the  model  wall  temperature  was 
nominally  340  to  360”K.  The  model  wee  inspected  periodically  to  assure 
that  the  desired  angle  of  attack  was  precise  within  ±0.1  deg.  Shadowgraph 
photographs  were  taken  during  nearly  all  test  runs  to  monitor  the  flow 
conditions.  Selected  shadowgraphs  are  presented  in  Fig.  6. 

Oil  flow  photographs  of  the  model  were  taken  from  the  "nonoperating" 

aide  of  the  tunnel  during  a few  runs  (see  Table  2).  All  model  instrumentation 

waa  located  on  the  "operating"  side  (9  ■ 0 to  180  deg)}  therefore,  the 

8 

heat-tt ansf er  data  were  unaffected  by  the  oil  flow. 
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The  gage  (thermocouple)  output#,  together  with  the  test  condition#, 
were  recorded  on  magnetic  tape  using  a Beckman  210  analog-to-digital  con- 
verter. Each  thermocouple  output  was  recorded  17  times  per  second  from 
the  start  of  the  model  injection  cycle  until  3 sec  after  the  model  reached 
tunnel  centerline. 

3.3  FORCE  TESTS 

The  force  and  moment  data  were  obtained  by  two  modes  of  operations 
pitch-pause  and  continuous  sweep.  In  the  pitch-pause  mode  of  operation, 
the  angle  of  attack  was  set  and  32  samples  of  data  were  taken  and  averaged 
to  find  the  values  at  that  angle.  Data  were  also  taken  in  the  continuous 
sweep  mode  at  the  rate  of  144  samples  per  second  while  the  angle  of  attack 
was  continuously  driven  at  the  rate  of  approximately  1 deg  per  second. 

Every  32  samples  were  averaged,  and  then  the  two  averaged  values  on  either 
side  of  che  required  angle  were  interpolated  to  obtain  the  values  at  that 
angle.  The  continuous  sweep  mode  was  used  for  most  of  the  date  because  it 
reduced  the  time  the  model  was  in  the  tunnel  (and  thus  prevented  model 
overheating  and  distortion). 

The  model  was  cooled  with  high  pressure  air  prior  to  each  test  run 
to  maintain  a wall  temperature  ratio  (Tw/Tq)  of  0,28  to  0.39.  Shadowgraph 
pictures  were  taken  during  the  force  tests  at  specific  angles  of  attack. 

3.4  DATA  REDUCTION 
3.4.1  Heat-Tranifer 

The  coaxial  gage  provides  measurement  of  the  surface  temperature  of 
the  gage-model  composite,  which  is  assumed  to  be  a homogenous,  one-dimensional, 
semi-infinite  solid.  However,  the  gages  and  the  model  wall  are  of  finite 
thickness,  and  the  semi- infinite  solid  assumption  was  valid  for  a maximum 
of  about  2 sec  after  the  model  reached  tunnel  centerline.  This  time  was 
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adequate  for  date  acquisition!  and  the  above  assumptions  were  used  to 
compute  the  heat  flux  at  the  model  surface.  The  data  were  reduced  using 
the  numerical  integration  technique  originally  developed  by  Cook  and 
Felderman  (Ref.  4),  which  does  not  involve  assumptions  about  the  nature 
of  the  heating  input.  The  Cook  and  Felderman  expression  for  the  Bu/ace 
heat  flux  has  been  reduced  to 


where  t ■ time  from  start  of  model  injection  cycle, 
sec  (at  any  time  tn,  n samples  of  data 
have  been  taken) 

t1  - time  corresponding  to  data  sample 
number  i,  sec 

t ■ time  at  which  the  heat-transfer  rate 
n 

4 (tfl)  was  calculated,  sec 

(pck)g  - Product  of  the  gage  deneity, 

specific  heat  and  conductivity, 

2.4  2 

Btu  /ft  -sec-°R 

T * Gage  surface  temperature  at  the 

subscripted  time  minus  the  gage  surface 
temperature  at  atart  of  injection  cycle,  °R 

All  heat-transfer  data  were  converted  to  Stanton  numbers  and 
nondimensionalised  by  the  mode1  nose  stagnation  Stanton  number.  The 
stagnation  Stanton  number  (Str#£)  was  computed  ueing  Pay-Riddell  theory 
(Ref.  3). 
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3.4,2  Aerodynamic  Cotffldant* 

Balance  forces  and  moments  were  transferred  to  the  model  moment 
reference  point  at  the  nosetip  and  reduced  to  coefficients  in  the  body- 
axis  system.  The  coefficient  reference  length  was  the  total  model  length 
(L) , and  reference  area  was  the  model  base  area  (A^). 

The  canter-of-preasure  location  from  the  model  nose,  referenced  to 

the  model  length  (X^/L),  was  calculated  using  two  methods.  For  all  angles 

of  attack  except  rero,  X /L  was  defined  as  C divided  by  CM.  For  the 

cp  m N 

continuous  sweep  mode  data,  the  value  of  canter-of-preasure  at  o ■ 0 was 

determined  from  the  ratio  of  the  derivatives  (X  /L  = C /C„  ), 

cp  m n 
r a a 

Forebody  axial-force  coefficients  were  obtained  using  the  measured 
base  axial-force  coefficient.  C.  , which  was  calculated  using  the  average 
of  the  two  base  pressures  and  on8  cavity  pressure  whan  in  the  pitch-pause 
mode,  or  the  base  pressure  from  the  fast  response  transducer  when  in  the 
continoua  sweep  mode. 

Since  the  basic  model  was  a symmetrical  configuration,  trim  effects 

in  the  continuous-sweep  data  were  corrected  for  possible  flow  angularity, 

model  misalignment,  and  frae-stream  nonuniformity  effects  (i.e.,  C induced 

m 

without  corresponding  C^),  The  result  is  that  both  norm*!  force  and 
pitching  moment  are  corrected  to  be  sero  at  a ■ 0. 

3.8  DATA  UNCERTAINTY 

An  evaluation  of  the  influence  of  random  measurement  errors  is 
presented  in  this  section  to  provide  a measure  of  the  uncertainty  of  the 
final  test  results.  Although  evaluation  of  the  systematic  measurement 
error  (bias)  is  not  included,  it  should  be  noted  that  the  Instrumentation 
precision  values  (given  in  Section  2.3)  used  in  this  evaluation  represent 
a total  uncertainty  including  both  systematic  and  random  (two-standard 
deviation  bandwidth)  error  contributions. 
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3.6.1  Tut  Condition! 

Uncertainties  in  the  basic  tunnel  parameters  pQ  and  Tq  (see  Section 
2.3.1)  and  the  two-standard  deviation  uncertainty  in  Mach  number  determined 
from  test  section  flow  calibrations  were  used  to  estimate  uncertainties  in 
the  other  free-stream  properties,  using  the  Taylor  series  method  of  error 
propagation. 


Test  Condition  Uncertainty  (1),  percent 


pQ,peia 

po 

T 

c 

) 

M 

00 

P, 

Straf 

> 

rVl 

450 

0.1 

0.4 

1.0 

4.7 

6.7 

5.3 

4.8  0. 

2 

2.9 

650 

0.2 

1.0 

4.7 

6.6 

5.3 

4.8 

2.9 

850 

0.15 

o.s 

3.7 

5.3 

4.3 

3.8 

2.3 

1,050  0.12 

1,250  0.1 

1,450 
1,650 

1,900  I I I ♦ 

3.5.2  Hsst-Trsnifsr  Data 

Uncertainties  in  the  calibrations  of  the  coax  gages  are  estimated 
to  be  i5.0  percent  baaed  on  the  calibration  repeatability.  An  examination 
of  the  data  ahowed  the  Stanton  number  ratio  (St/Str#f)  to  repeat  within 
110  percent  for  data  from  the  same  configuration  and  test  conditions. 

3.6.3  Aerodynamic  Coefficient! 

The  balance  and  base  pressure  uncertainties  listed  in  Section  2.3.3 
were  combined  with  uncertainties  in  the  tunnel  parameters,  using  the 
Taylor  series  method  of  error  propagation,  to  estimate  the  uncertainty 
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of  the  aerodynamic  coefficients,  and  these  are  presented  below. 


Measured  Coefficient  Uncertainty  (t) , percent 


p ps.la 

o. 

S. 

C 

m 

CAt 

Sl 

650 

5.7 

5.6 

6.1 

7.2 

850 

3.8 

3.8 

4.2 

4.9 

1,050 

3.8 

3.7 

4.1 

4.8 

1,450 

3.7 

3.7 

3,9 

4.8 

1,900 

3.7 

3.7 

3.8 

4.6 

The  basic  precision  of  the  aerodynamic  coefficients  was  also 
computed  using  only  the  balance  and  base  pressure  uncertainties  Hated 
in  Section  2.3.3  along  with  the  nominal  teat  conditions,  using  the 
assumption  that  the  free-stream  flow  nonuniformity  is  a bias  type  of 
uncertainty  which  is  constant  for  all  tsst  runs.  These  values  therefore 
represent  the  data  repeatability  expected  and  are  especially  useful  for 
detailed  discrimination  purposes  in  parametric  model  atudiaa. 


Measured  Coefficient  Repeatability  (±) 


CN 

Cm 

CA 

CA 

650 

0.0025 

0.0005 

0.0029 

0.0034 

850 

0.0020 

0.0004 

0.0023 

0.0026 

1,050 

0.0016 

0.0003 

0,0018 

0.0021 

1,450 

0.0011 

0.0002 

0,0013 

0.0016 

1,900 

0.0009 

0.0002 

0.0010 

0.0012 

The  uncertainty  in  model  angle  of  attack  (a),  as  determined  from 
tunnel  sector  calibrations  and  consideration  of  the  possible  errors  in 
model  deflection  calculations,  is  estimated  to  be  iO. 1 deg. 
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4.0  RESULTS  AND  DISCUSSION 
4.1  HEAT-TRANSFER  TESTS 

The  fundamental  objective  of  the  test  program  was  to  obtain  data 
which  would  make  possible  the  design  of  reliable  tripping  configurations 
for  the  control  of  transit ion- Induced  dispersion  during  flight  vehicle 
reentry.  Therefore,  the  majority  of  the  heat-transfer  teste  were  devoted 

£ 

to  configuration  variables  at  the  maximum  Reynolds  number  (Re  , ■ 6.2  x 10  ) 
and  a ■ 0.  Additional  data  were  taken  on  selected  configurations  to  observe 
the  effects  of  Reynolds  number  and  small  angles  of  attack.  Representative 
data  have  been  selected  from  tha  teat  results  for  presentation  and  discussion. 
The  theoretical  heat-transfer  rate  distributions  shown  in  all  figures  were 
obtained  from  calculations  using  the  method  of  Patankar  and  Spaulding  (Ref. 

6)  sb  modified  by  Mayne  and  Dyer  (Ref.  7).  This  method  uses  an  axiaymmetrlc 
body  at  zero  incidence  to  define  the  geometry.  The  required  lnvlscid  compu- 
tational data  were  obtained  using  the  method  of  Ref.  8. 

Heat-transfer-rate  distributions  on  the  basic  smooth  model  at  a ■ 0 are 
shown  in  Fig.  7 with  a theoretical  solution  for  comparison.  Instrumentation 
consistency  la  illustrated  by  the  good  agreement  between  distributions  for 
each  of  the  constant  0g  rays,  which  should  be  the  case  for  this  symmetric 
model  at  zero  incidence.  Additional  data  from  the  active  trip  configuration 
but  with  no  blowing  show  the  data  to  be  repaatable  and  are  typical  of 
the  repeatability  obtained  during  the  test  program.  Laminar  conditions 
existed  on  the  smooth  model  at  each  of  the  test  Reynolds  numbers.  The 
average  value  of  the  data  appears  to  be  about  10  percent  higher  than  the 
laminar  theoretical  solution  in  the  low  Reynolds  number  case  (Fig,  7a)  and 
about  5 percent  higher  in  the  high  Reynolds  number  case  (Fig.  7b).  This 
trend  is  probably  causad  by  viscous  Induced  pressure  increases  which  are 
not  taken  into  account  in  the  theoretical  calculations. 
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Variation  of  the  heat-transfer  distributions  with  small  angles  of 
attack  is  shown  in  Figs.  8 and  9 for  both  laminar  (smooth  model)  and 
turbulent  distributions.  At  a ■ 2 deg  the  laminar  windward  heating  rate 
(Fig.  8)  near  the  model  base  is  approximately  80  percent  greater  than  at 
a ■ 0,  The  effect  of  angle  of  attack  on  a typical  turbulent  heat-transfer 
distribution  is  shown  in  Fig.  9 for  Re  . ■ 6.2  x 10^.  ' 

4.1.1  Pmivs  Trips 

Passive  trip  configuration  comparisons  are  presented  in  Figs.  10 
through  13,  illustrating  the  individual  contributions  of  (1)  trip  height , 
(2)  number  of  rows,  (3)  trip  spacing,  and  (4)  axial  trip  location  on 
boundary-layer  transition  and  uniformity  of  the  heating  distribution. 

These  data  are  all  for  a ■ 0,  with  the  heat-transfer  rates  (except  for 
the  trip-spacing  comparisons)  obtained  from  an  instrumented  ray  directly 
behind  a trip  element. 

Trip  height  required  to  produce  transition  for  narrow-spaced  passive 
trips  at  S/Rn  - 4.5  is  shown  in  Fig.  10  for  Re..  . ■ 6.2  x 106.  Axial 
heat-transfer  distributions  are  shown  for  one,  three,  and  ten  rows  of  trips 
(Figa.  10a,  b,  and  c).  For  the  one-row  configuration  (Fig.  10a)  the  mini- 
mum height  tested  (k  ■ 0.100  in.)  produced  s turbulent  heating  rate  over 
the  entire  model  length  aft  of  the  trips.  Smaller  trip  heights  were  tested 
on  the  three-row  and  ten-row  configurations.  In  these  cases  the  smallest 
trip  height  which  resulted  in  a nearly  uniform  turbulent  heating  level 
also  was  k * 0.100  in.,  regardless  of  the  number  of  rows.  These  results 
are  in  close  agreement  with  predictions  for  three-dimensional  roughness 
made  on  the  basis  of  the  paper  by  Potter  and  Whitfield  (Ref.  9).  That 
method  predicts  a minimum  transition  distance  wall  ahead  of  the  first 
gage  for  a trip  height  of  0.1  in.  at  Re  . - 6.2  x 106  and  S/Rn  ■ 4.5. 

»,L 

The  ideal  trip  would  produce  a uniform  turbulent  boundary  layer  aft 
of  the  trip  location  and  a constant  circumferential  heat-transfsr  rate  at 
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any  axial  location  at  aaco  angle  of  attack.  However,  dlaorata  distur- 
bances are  introduced  by  the  trips,  forming  wedges  of  turbulence  behind 
the  trip  elements.  These  wedges  merge  to  form  a uniform  heating  distribution 
farther  downstream  of  the  trips.  A visual  illustration  of  the  flow  distur- 
bances produced  by  the  trips  is  shown  by  oil  flow  photographs  in  Fig.  11. 
Figure  12  shows  the  effect  of  circumferential  trip  spacing  on  the  longitu- 
dinal heat-transfer  distribution  uniformity  at  several  radial  values  for 


passive  narrow-  and  wide-apaced  trips.  In  each  case  the  host-transfer 
distribution  bscomss  essentially  uniform  for  S/Rn  _>  20.  The  total  non- 
uniformity  is  illustrated  by  the  daBhed  lines  in  Fig.  12e  for  the  narrow- 
spacsd  configuration  and  la  compared  to  tha  dsts  for  ths  wide-spaced  con- 
figuration (Fig.  12b).  The  heat-transfer  distribution  produced  by  the 
narrow-spaced  configuration  is  claarly  more  uniform  than  that  of  tha  wide- 
spaced  configuration, 

The  majority  of  the  tests  wers  performed  with  trips  located  at  an 
axial  station  of  S/Rn  ■ 4.5.  Additional  data  were  taken  with  trips  locstsd 
at  S/Rn  ■ 8.5  to  evaluate  the  Influence  of  trip  location  on  trip  effective- 
ness. Data  from  narrow  thraa-row  trip  configurations  are  presented  in 


Fig.  13  for  a trip  height  of  k ■ 0,100  in,  These  data  indicate  that  the 
transition  length  for  the  forward  trip  ia  about  half  that  obtained  from 
l'.ic  aft  trip.  The  shorter  transition  length  is  probably  the  result  of  ths 
thinner  boundary  layer  at  the  forward  trip  (i,e>,  the  trip  effectiveness  ia 
a function  of  tha  ratio  of  trip  height  to  boundary-layer  thickness). 

The  effect  of  Reynolds  number  on  transition  for  narrow-spaced  passive 
trips  at  S/Rn  • 4.5  la  presented  in  Fig.  14  for  thraa  different  configurations 
(one  row,  k ■ 0.100  in. f three  rows,  k * 0,150  in.;  ten  rows,  k - 0.150  in.). 
All  configurations  Indicate  a nearly  laminar  heating  level  over  ths  enhire 
model  for  Re  , ■ 2.2  x 10*,  and  transition  to  a fully  turbulent  level  over 

• “ 4 

the  model  at  Re  , ■ 6.2  x 10  . The  data  just  aft  of  ths  tripB  for  tha  ten- 
row  configuration  are  significantly  lowar  than  the  theoretical  laminar  solution 
for  the  lowest  Reynolds  number  and  are  Indicative  of  a disturbed  flow  region 
near  the  trips. 
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4.1.2  Active  Trips 

Active  trip  configuration  comparisons  are  presented  in  Figs.  15  and 
16,  illustrating  the  individual  contributions  of  (1)  trip  height  (mass 
injection  rate),  (2)  number  of  rows  (or  magnitude  of  mass  injection),  and 
(3)  trip  spacing  (orifice  spacing)  on  boundary-layer  transition  and  uni- 
formity of  the  heating  distributional  These  data  are  all  for  u ■ 0. 

Heat-transfer  rates  for  the  longitudinal  plots  of  Fig.  15  were  obtained 
from  instrumentation  at  the  same  radial  location  (sama  6)  as  an  orifice 
(see  Fig.  4a).  Computed  affective  trip  heights  for  the  various  injection 
rates  are  Included  in  Fig.  15.  Data  for  one-,  three-,  and  ten-row  con- 
figurations are  presented.  The  one-row  configuration  (Fig.  15a)  has  a 
laminar  distribution  over  the  entire  modal  for  k'  <.  0.021  in.  with  maximum 
heat-transfer  rata  near  the  trip  being  attained  for  k'  - 0.150  in.  An 
additional  Increase  of  trip  height  to  k'  - 0.261  in.  significantly  reduces 
the  haat-tranafar  rata  over  the  entire  modal.  The  reduction  in  heating 
rata  for  k'  - 0.261  in.  (largest  mass  injection  rate)  Indicates  that  the 
large  maaa  Injection  rate  Is  "cooling"  the  modsl  surface.  For  S/Rn  25  the 
effects  of  trip  height  (for  the  range  k'  ■ 0.032  to  0.130  in.)  are  insigni- 
ficant. Similar  variations  with  trip  height  era  shown  in  Figs.  15b  and  c 
for  three-  and  tan-row  configurations;  however,  tranaltion  occurs  at 
significantly  lower  affective  crip  hsighta  (lower  maaa  injection  rata)  than 
for  the  one-row  configurations,  suggesting  that  the  number  of  rows  strongly 
Influences  the  haat-tranafar  distribution  for  active  trips.  A fully  turbu- 
lent heating  distribution  immediately  aft  of  the  trip  location  was  never 
attained  for  any  active  configuration.  Apparently,  a "transpiration 
cooling"  or  "blowing"  effact  reduces  the  heating  lavel  just  aft  of  the 
trip  location*. 

Effect*  of  orifice  spacing  on  haat-transf sr  distribution  uniformity 
art  shown  in  Fig.  16  for  one  row  of  active  trips  at  S/Rn  * 4,3.  In  t'.iia 
figur*  the  ratio  of  Stanton  number  to  the  theoretical  (Ref.  7)  Stanton 
number  was  used  to  indicate  the  deviation  from  the  desired  turbulent  heating 
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level.  Each  of  the  circumferential  heating  distributions  shows  that,  by 
comparison  with  the  wide-spaced  trips,  the  narrow-spaced  trips  (0  * 20 

deg)  give  results  closer  to  the  turbulent  level  and  considerably  more 
uniform  at  all  axial  stations. 

s 

i 

4.2  FORCE  TESTS  ; 

Comparisons  of  the  static  aerodynamic  force  and  moment  characteristics  1 

of  the  passive  configurations  are  presented  in  Fig.  17  for  the  maximum  teat  | 

Reynolds  number  (Re„  T - 6.2  x 10^).  Data  for  the  smooth  model  are  shown  ! 

for  comparison.  The  stability  characteristics  of  all  configurations  were  | 

virtually  identical,  although  a small  effect  of  the  trips  was  obtained  on  j 

the  model  center-of-pressure  location.  With  the  exception  of  the  ablated  1 

trip  configuration  (configuration  A1 020-01 03-0305) , the  axial-force  coefficients  | 
are  about  the  same  for  all  trip  configurations  and  are  higher  (by  an  almost  >i 

constant  amount)  than  the  smooth  model  data.  The  higher  axial  force  is  indi-  | 

catlve  of  a turbulent  boundary  layer  (increased  skin  friction)  existing  on  | 

the  model  but  also  includes  an  unknown  increment  produced  by  the  trip  itself.  j 

An  asymmetric  variation  in  axial  force  is  noted  for  the  ablated  configuration  j 

(an  asymmetric  trip)  with  significant  increase  above  the  smooth  model  data  J 

for  increasing  negative  angles  of  attack.  A theoretical  point  (flagged 
symbol)  is  shown  for  comparison  at  a * 1 deg.  The  theortical  result  was 
obtained  by  the  method  of  Ref.  10  for  an  assumed  laminar  boundary  layer 
and  includes  the  viscous  contribution.  Smooth  modal  stability  data  show 
excellent  agreement  with  the  theory,  and  the  smooth  model  axial-force 
coefficient  is  approximately  7 percent  higher  than  the  theory,  which  is 
larger  than  the  quoted  uncertainty  (±4.6  percent)  of  the  axial-force 
measurement . 


Similar  aerodynamic  characteristics  are  presented  for  active  con- 
figurations in  Fig.  18,  with  the  smooth  model  data  shown  for  comparison. 

The  stability  data  for  all  configurations  (as  for  the  passive  configurations) 
are  virtually  identical  to  the  smooth  model  data.  The  axial-force  coefficient 
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variation  with  angle  of  attack  for  the  one-row  configuration  (3020-0101- 
0000),  which  has  the  lowest  mass  injection  rate,  is  approximately  the 
same  as  that  of  the  smooth  model  data.  The  three-row  configurations  show 
an  increase  in  axial-force  coefficient  (compared  to  the  smooth  model)  for 
most  angles  of  attack  with  a "flattening"  of  the  curve  noted  in  the  region 
of  a " -4  to  4 deg.  Heat-transfer  data  (Fig,  15)  for  these  configurations 
have  indicated  (1)  transition  to  a turbulent  boundary  layer  at  the  base  of 
the  model  for  the  one-row  configuration  and  (2)  the  existence  of  a turbulent 
boundary  layer  over  the  aft  third  of  the  model  for  a three-row  configuration 
(3020-0303-0000). 

Effect  of  Reynolds  number  on  the  axial-force  coefficient  at  a - 0 for 
a passive  configuration  (1020-0505-1010)  is  presented  in  Fig.  19.  The  data 
show  the  axial  force  to  be  essentially  the  same  as  that  for  the  Bmooth  model 
for  Re  < A. 8 x 106,  with  a significant  increase  in  axial  force  at  the 

»,L  - 

maximum  test  Reynolds  number  (Re  ■ 6.2  * 10  ).  The  sudden  rise  in  axial 

»,L 

force  suggests  that  transition  to  a turbulent  boundary  layer  on  the  model 
has  occurred  at  this  Reynolds  number;  however,  additional  data  at  higher 
Reynolds  numbers  would  be  needed  to  confirm  this.  Form  drag  contribution 
of  the  trips  was  not  measurable  at  the  lower  Reynolds  numbers,  since  the 
data  with  trips  were  essentially  the  same  as  the  smooth  model  data. 

Axial-force  coefficient  data  at  a ■ 0 are  presented  lu  Fig.  20  to 
show  the  effects  of  mass  injection  rate  and  Reynolds  number  for  an  active 
trip  configuration.  The  data  for  the  active  configuration  were  ratioed  to 
the  smooth  model  coefficient  (data  fairing  of  Fig.  19),  thus  providing  a 
direct  comparison  to  the  smooth  model  (laminar  data).  For  each  Reynolds 
number,  the  active  configuration  data  were  nearly  the  same  as  the  smooth 
model  data  at  the  lowest  mass  Injection  rates  (ratio  *>  0.98);  with  suffi- 
cient mass  injection  the  ratio  increased  to  approximately  1.08.  Comparison 

of  the  data  at  maximum  and  minimum  Reynolds  numbers  (Re  T ■ 6.2  x 10^  and 
6 

- 2.1  x 10  ) indicates  that  the  deviation  from  the  smooth  model  axial 
force  occurs  at  a significantly  lower  mass  injection  rate  for  the  maximum 
Reynolds  number. 
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6,0  CONCLUDING  REMARKS 

Heat-transfer  and  static  stability  tests  ware  conducted  on  a blunt 
cone  model  (TDV  geometry)  to  obtain  data  for  the  design  of  effective 
boundary-layer  trips  for  the  control  of  transition-induced  dispersion  for 
a reentry  vehicle,  The  free-stream  Reynolds  number,  based  on  the  total 
model  length,  was  varied  from  1.5  to  6.2  million  at  a free-stream  Mach 
number  of  10.  Angle  of  attack  was  from  0 to  2 deg  for  the  heat-transfer 
tests  and  from  -7.5  to  7.5  deg  for  the  static  stability  tests.  Based  on 
the  results  presented,  the  following  observations  are  made: 

1.  Smooth  model  heat-transfer  data  were  repeatable  and 
laminar  at  all  test  conditions.  The  data  agreed  with 
laminar  theory  within  ±10  percent. 

2.  Minimum  passive  trip  height,  k,  required  to  produce 
a turbulent  heating  level  "close"  to  the  trip  was 

k - 0.100  in.  at  Reu  , ■ 6.2  x 10^,  regardless  of  the 
number  of  rows,  in  very  good  agreement  with  prediction. 

3.  The  narrow-spaced  trips  (6a  * 20  deg),  both  passive  and 

active,  generated  a more  uniform  radial  heat-tranaf or 
distribution  than  the  wide-spaced  trips  (6^  ■ 40  deg). 

4.  Transition  length  for  a passive  trip  at  the  forward 
trip  location  (S/Rn  «•  4,5)  was  about  half  the  length 
obtained  for  an  equivalent  trip  height  located  at  the  aft 
trip  location  (S/Rn  ■ 8.5).  The  thicker  boundary  layer, 
sligh-ly  lower  local  Reynolds  number,  and  slightly  higher 
local  Mach  number  at  S/Rn  "8.5  probably  contributed  to 
that  result. 
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5.  A fully  turbulent  heating  distribution  Immediately  aft  of  the 
trip  location  wae  never  attained  for  any  active  configuration. 
Apparently,  a "transpiration  cooling"  effect  occurred 

to  reduce  the  heating  level  just  aft  of  the  trip  locations. 

6.  Static  stability  of  the  model  was  not  affected  by  any 

of  the  trip  configurations,  and  the  data  Bhowed  excellent 
agreement  with  theory  at  a ■ 1 deg. 
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Tunnel  Assembly 


Tunnel  Test  Section 
Figure  1.  Tunnel  C. 


Figure  2.  Photograph  of  model  in  Tunnel  C tank. 
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d.  Modified  pauive  trip* 
Figure  3.  Continued. 
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i-ro«*  Vie»  All  Linear  Dimensions  in  Inches 

d.  Short-blow  sections 
Figure  4.  Continued. 
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Opon  Symbol:  Leoward  l)«ta  (eK  " U) 

Cloned  Symbol:  Windward  Dale  (o  • 180  do#) 


AEDCTR-70-1  67 


I 


S/Hn  -8.8 


Flgurt  13.  Effect  of  axial  trip  location  on  transition  langth, 

thrac  rows  of  narrow  ipactd  pasiiva  trips,  k - 0.100  in., 
Ra..t  - 8,2  x 10*. 
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b.  Three  row*  (configuration  3020-0303-0000) 
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c.  Ten  row*  (configuration  3020-1010-0000) 

Figure  15.  Effect  of  trip  height  and  number  of  row*  on  trantltion 
at  Re-iL  - 6.2  x 10u,  narrow-ipaced  active  trip*  at 
S/Rn  - 4.5. 
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Data  were  obtained  at  eaeh  of  the  axial  loeations  by 
Interpolation  from  axial  heat- transfer  distributions 
for  all  eleven  rays  ol  instrumentation,  Multiple  data 
points  were  obtained  by  assuming  symmetry. 
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Figure  16.  Effect  of  circumferential  orifice  spacing  on  the 

heat-transter  distribution  uniformity  for  active  trips,  one 
row  at  S/Rn  - 4,5,  k ■ 0.033  in.  (pe  ■ 1.5  psia), 

Re„,L  = 6.2  x 106. 
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<ct  of  active  trip  configurations  on  the  (on^tudmaf 
ality  and  axial-force  characteristics,  Re__t_  = 6.2  * 10® . 
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COSFIGU  RATIOS 


3020  0101  0000  0.70  x j Active 

I I I 1.50  x Trips 


' 1 

Ai0C.TR-76>1B7  : 


ASDC-TR-76-167 


s 


C 


A 


C 


m 


C 


N 


d 


R 


H 


o 


NOMENCLATURE 


Model  aerodynamic  reference  area  (base  area),  78.34  in.' 


Model  forebody  axial-force  coefficient,  C.  ■ C.  - C. 

a At  Ab 

Model  base  axial-force  coefficient,  C ■ -C 

pb 


Model  total  axial-force  coefficient, 


total  axial  force 


<5-  ^ 


Model  pitching-moment  coefficient,  pitching  moment /q^A^L 


dC 

Slope  of  pitching-moment  curve,  SI 

d ct 


Model  normal-force  coefficient,  normal  force/qM  Afa 


dCM 

Slope  of  the  normal-force  curve,  — 2. 

d n 


Base  pressure  coefficient,  (pfe  - pM)/qi„ 

Surface  distance  between  trip  elements  (or  orifices), 
center  to  center,  in.  (Constant  in  the  axial  direction; 

9g  is  constant  in  the  radial  direction,  hence  the  value 
applies  to  the  first  row  of  trips  only  for  radial  spacing) 
d#  ■ 0.400  in.  * Narrow  Spacing 
da  ■ 0.800  in.  » Wide  Spacing 

Total  enthaply  of  air  computed  from  the  tunnel  stilling 
chamber  temperature  (Tq),  Btu/lbm 
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k 


k' 


L 


Total  enthalpy  of  alt  computed  from  tha  modal  wall  temperature 
(Tw),  Btu/lbm 

Passive  trip  element  height  above  the  model  surface  (ere 
Fig.  Ac.) 


Jet  penetration  height,  dlftance  from  model  aurface  to  the 
normal  ahock  wave  In  the  jet  plume  (aoe  Fig.  Ad),  In. 

/ p \ 1/2 

k'  a 0.0129  ] 

V emb/ 


whor*  p.mb 
**amb 


- local  ambient  pressure  at  the  jet  exit,  pela 
! ».  [' ♦ ’-2  (".) ,-5  (•••...)  '0-2!] 


Pw  ■ local  model  wall  preeaure  without  maae  Injection 
(computed  from  invlecld  theory),  pale 
M#  ■ local  Mach  niimber  at  edge  of  boundary  layer  without 
maae  injection  (computed  from  theory  of  Raf.  7) 

Re,  , * local  Reynold*  number  at  edge  of  boundary  layer 
without  maae  injection  baaed  on  boundary- layer 
edge  condition*  at  the  jet  location  and  tha 
•urfaca  distance  from  the  modal  nose 


Model  aerodynamic  reference  length  (total  model  length), 
32.43  In. 


Mw  Free-stream  Mach  number 

A Dry  nitrogen  mas*  ir lection  rate  for  active  trip  configurations, 

lbm/aec 

Pb  Model  base  pressure,  pals 
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p Model  plenum  chamber  pressure  (active  trip  configurations 

c 

only) , psia 

Tunnel  stilling  chamber  pressure,  psia 
pw  Free-stream  static  pressure,  psia 

2 

4 Heat-transfer  rate  on  the  model  surface,  Btu/ft  -sec 

qw  Free-stream  dynamic  pressure,  psia 

Rb  Model  base  radius,  5.000  in. 

Re  Reynolds  number  based  on  free-stream  conditions  and  model 

",L 

reference  length 

Rn  Model  nose  radius,  0,833  in. 

5 Modal  surface  distance  from  the  noae,  in. 

St  Stanton  number,  


St 


ref 


St 


turb 


w 


Reference  Stanton  number  based  on  Fay-Riddsl  theory  and 
the  model  noae  radius  of  0,833  in, 

Theoretical  (Ref.  7)  turbulent  Stanton  number  for  model  at 
a - 0 

Tunnel  stilling  chamber  temperature,  *R 
Modal  surface  temf irature,  *R 
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Ta  Free-atreara  static  temperature,  *R 

ua  Fraa-atraam  velocity,  ft/aac 

X Axial  distance  from  modal  nose,  in. 


/L 


Pitch  canter-of-presaure  location  from  nose,  ratioed  tc 
modal  langth  (L  ■ 32.43  in.) 


a Modal  angla  of  attack,  dag 

e Circumfarantlai  location  on  modal,  deg;  poaltiva  counter- 

clockwise from  top  of  modal,  looking  upatraam  (saa  Fig.  4) 

0 Circumfarantlai  location  of  coax  gagaa,  dag 

I 

Radial  apaclng  batwaen  trip  alamanta  or  orifices,  dag 
(aaa  Fig.  4c) 

3 

pa  Fraa-atraam  danaity,  lbm/ft 


CONFIGURATION  DESIGNATION 


Tha  modal  configuration  ie  designated  by  thraa  aata  of  four-digit 
numbara  saparatad  by  hyphens.  A single  configuration  (tha  ablated 
shape)  la  preceded  by  tha  latter  A.  Tha  thraa  seta  of  numbers  are 
doflnad  below. 


(1)  x x x x 

Radial  trip  spacing  in  dag,  8# 

0 » in-line  rows,  1 - staggered  rows 

1 - passive  trip  at  S/Rn  ■ 4.5,  2 ■ passive  trip 
at  S/Rn  ■ 8,5 

3 ■ active  trip  at  S/Rn  *4.3,  4 ■ active  trip  at 
S/Rn  -8.3 
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(2) 


X X X X 


Number  of  trip 
Number  of  trip 


rows  on  bottom 
rows  on  top 


(3) 


X XX  X 


Trip  height  on 
Trip  height  on 
All  degits  are 
active  trips 


bottom  for  passive  trip 
top  for  passive  trip 
zero  for  smooth  model  and 


for 


Decimal  point  for  trip  height  is  .xx;  if  either 
set  of  digits  is  02  or  07,  add  a 5 in  the  third 
decimal  placing  to  obtain  the  trip  height  (0.025 
or  0.075  in. ) 


TYPICAL  CONFIGURATION: 


1020-0103-1005  : Passive  trip  at  S/Rn  - 4.5  with  a spacing  between 

trips  of  0 - 20  deg;  one  row  of  trips  on  top  with 

s 

a height  of  k 0.100  in.;  three  rows  of  trips  on 
the  bottom  with  a height  of  k ■ 0.050  in. 


